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Development of scenarios for land cover, population density, impervious
cover, and conservation in New Hampshire, 2010–2100
Alexandra M. Thorn 1,2, Cameron P. Wake 1,3, Curt D. Grimm 4,5, Clayton R. Mitchell 6, Madeleine M. Mineau 1 and Scott V. Ollinger 1
ABSTRACT. Future changes in ecosystem services will depend heavily on changes in land cover and land use, which, in turn, are
shaped by human activities. Given the challenges of predicting long-term changes in human behaviors and activities, scenarios provide
a framework for simulating the long-term consequences of land-cover change on ecosystem function. As input for process-based models
of terrestrial and aquatic ecosystem function, we developed scenarios for land cover, population density, and impervious cover for the
state of New Hampshire for 2020–2100. Key drivers of change were identified through information gathered from six sources: historical
trends, existing plans relating to New Hampshire’s land-cover future, surveys, existing population scenarios, key informant interviews
with diverse stakeholders, and input from subject-matter experts. Scenarios were developed in parallel with information gathering, with
details added iteratively as new questions emerged. The final scenarios span a continuum from spatially dispersed development with a
low value placed on ecosystem services (Backyard Amenities) to concentrated development with a high value placed on ecosystem
services (the Community Amenities family). The Community family includes two population scenarios (Large Community and Small
Community), to be combined with two scenarios for land cover (Protection of Wildlands and Promotion of Local Food), producing
combinations that bring the total number of scenarios to six. Between Backyard Amenities and Community Amenities is a scenario
based on linear extrapolations of current trends (Linear Trends). Custom models were used to simulate decadal change in land cover,
population density, and impervious cover. We present raster maps and proportion of impervious cover for HUC10 watersheds under
each scenario and discuss the trade-offs of our translation and modeling approach within the context of contemporary scenario projects.
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INTRODUCTION
Alongside climate change, changes in land cover and land use
have been highlighted as central drivers of change in ecosystems
and the services they provide (Vitousek et al. 1997, Millennium
Ecosystem Assessment 2005). These changes are largely driven
by human actions, and the inherent complexity of human
behaviors presents a major challenge for quantitatively predicting
future change (Liu et al. 2007, Polasky et al. 2011). Scenarios
provide a framework for projecting future changes when
uncertainty is high: scenarios do not predict the future, but rather
present collections of alternative storylines for plausible futures,
which can provide insight on the range of possible outcomes
(Schwartz 1991). Here, we present the development of a suite of
high-resolution land-cover change scenarios for the state of New
Hampshire that serve as input for process-based models, part of
a U.S. National Science Foundation-funded project to evaluate
temporal variability of future ecosystem services in the state
(Mavrommati et al. 2016, Samal et al. 2017; Borsuk et al.,
unpublished manuscript).  
New Hampshire has experienced large-scale land-cover change
in the past, and there is a high degree of uncertainty about future
land cover in the state with consequences for ecosystem services.
Since the 17th century, New Hampshire has changed from
primarily forest, to ~50% farmland in the mid-19th century, back
to primarily forest (Foster et al. 2010). Since 1987, New
Hampshire has lost forest area to development (Drummond and
Loveland 2010, Foster et al. 2010, Levesque 2010, Thompson et
al. 2013, Jeon et al. 2014), especially in the southeast (Johnson
2012, Sundquist 2012). Although population growth has slowed
since 2000 (Johnson 2012), several projections suggest that
development in the southeast will continue to expand over the
subsequent several decades (Stein et al. 2009, USEPA 2009,
Bierwagen et al. 2010, Stein et al. 2010, Sundquist 2012), with
major implications for ecosystem services in the region. For
example, three watersheds in southern New Hampshire have been
ranked in the top five watersheds nationally in terms of projected
degradation of water quality due to increased housing density on
existing private forestland (Stein et al. 2009), and the same
watersheds are classified in the 90th percentile nationally in terms
of threats to forest species at risk from housing development (Stein
et al. 2010). However, the state also has a long and robust history
of grassroots conservation. Thirty percent (7300 km²) of the
state’s land area is publicly or privately conserved (NH GRANIT
2016). This includes 3000 km² in the White Mountain National
Forest, which was established in 1918 to mitigate hydrological
damage to streams from intensive logging (Shands 1992, Conroy
and Ober 2001). Overall, the competing land uses of development,
forestry, conservation, and agriculture produce a high degree of
uncertainty about the future of New Hampshire’s landscapes, and
for land-cover scenarios to best inform future changes in the state,
these competing uses must be addressed.  
Our research builds on an extensive and growing body of literature
on the use of scenarios for a variety of functions in environmental
forecasting and planning (Peterson et al. 2003, Swart et al. 2004,
Alcamo et al. 2006, Carpenter et al. 2006). Methods for scenario
development and modeling are highly dependent on the specific
objectives of a scenario effort (Mallampalli et al. 2016) and should
generally meet the following goals: specific needs of the target
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audience (relevance), transparent and justified methods
(credibility), perception of fairness (legitimacy), and provoking
new thinking about uncertainty (creativity; Alcamo et al. 2006).
These goals are often addressed through engagement of
stakeholders, including decision makers, experts, and groups
affected by scenario outcomes (Mallampalli et al. 2016).
Approaches to translating available information into useful
scenarios include innovative methods to involve stakeholders
directly in model construction (e.g., Schmitt Olabisi et al. 2010)
or to incorporate stakeholder knowledge into mathematical
models (e.g., Bayesian networks; Meyer et al. 2014b), but
traditional methods such as interviews and surveys remain major
approaches to stakeholder engagement (Mallampalli et al. 2016).
For example, key informant interviews are central to scenario
development protocols recommended by the Natural Capital
Project run by The Nature Conservancy and the World Wildlife
Fund (Rosenthal et al. 2015). These traditional methods,
alongside literature review, are well suited for collaboration with
experts and can be used in combination with diverse modeling
methods (Mallampalli et al. 2016). Translation of qualitative
results into quantitative models can be iterative, as in the Storyline
and Simulation approach in which stakeholders are asked to
provide feedback on scenarios (Alcamo 2008), or, when resources
are more limited or stakeholders are unable to commit to multiple
workshops, a more streamlined approach can be used, drawing
on published literature (Pfeifer et al. 2012).  
Scenario developers must consider several components
contributing to future change (e.g., in land cover): the driving
forces that shape the relevant system processes; the predetermined
elements that can be assumed to follow a predictable trajectory;
and critical uncertainties, which are unknown, poorly
understood, or can change in unpredictable ways (Schwartz 1991).
However, driving forces are not always well understood, and
critical uncertainties can emerge from unexpected changes to
factors regarded as predetermined elements (Schwartz 1991). It
is also possible for more than one set of driving forces to produce
the same outcome (Moss et al. 2010). When thorough knowledge
of a system is required for credibility or when modeling is used
to develop a more sophisticated understanding of the system, it
can be critical to explicitly model social, economic, and physical
drivers (Nakicenovic et al. 2000, Wear 2011, Radeloff  et al. 2012)
and quantify parameter uncertainty (e.g., Alcamo et al. 2011,
Verburg et al. 2013). However, excessive complexity can delay
research because scenarios must be revised continually based on
improved knowledge. Spatially explicit modeling of land-cover
change is particularly complex, and the models are highly sensitive
to underlying assumptions about driving forces; in fact, variability
among models due to differing assumptions can be larger than
differences among scenarios (Sohl et al. 2016). Models generally
fail to predict the spatial distribution of land change at high
resolution (Pontius et al. 2008), and projections are constrained
by the interval of training data sets, typically 20 to 30 years (van
Vliet et al. 2016), with uncertainty increasing for longer term
projections (Pontius and Spencer 2005).  
Our objective was to develop plausible, spatially explicit scenarios
for land-cover change, population density, and impervious cover
in New Hampshire from 2010 to 2100 as part of the larger NH
EPSCoR Ecosystems and Society project (Gardner et al.,
unpublished manuscript). The scenarios served as critical input for
linked terrestrial and aquatic ecosystem process models used to
project changes in future environmental functions and the
resulting changes in ecosystem services (Samal et al. 2017). The
scenarios also served as a key source of information regarding
alternate futures as part of novel deliberative multicriteria
evalutions described by Mavrommati et al. (2016). Based on a
combination of literature review, key informant interviews, and
collaboration with subject matter experts, we produced six distinct
scenarios for the future of land cover, conservation, population
density, and impervious cover, and used custom models to
generate decadal rasters for each of these attributes.
METHODS
Study site
New Hampshire covers 24,214 km² in northern New England,
between 42° 42’ and 45° 18’ N and between 70° 36’ and 72° 33’ W.
The state is currently 75% forest, 5.5% developed, and 4.5% in
farmland (NH GRANIT 2016; Fig. 1A). Some forest is managed
for timber, especially in the northern region of the state; some is
conserved for wildlife, recreation, or to protect ecosystem services;
and some (particularly land held by small landowners) is subjected
to a wide variety of land management practices. Most land area
in New Hampshire is rural or low density (Fig. 1B), and most of
the state’s population of 1.3 million lives in small towns. The three
largest cities, Manchester (110,000 residents), Nashua (86,000
residents), and Concord (43,000 residents), are all located in a
densely populated, central, Interstate 93 corridor in the southern
portion of the state along the Merrimack River (U.S. Census
Bureau 2013). The state is characterized by high rates of education
(ranked seventh nationally) and family income (ranked eighth
nationally), but the educated and high-income population is
primarily located in the southeast (Johnson 2012). The northern
portion of the state is lower income, with a rural economy
dominated by manufacturing and timber industries (Johnson
2012) that are currently in decline. Farmland in the state is
primarily located in the southeast and along the Connecticut
River, which defines the western border of the state.
Fig. 1. New Hampshire land cover in 2011 (A) and population
density in 2010 (B). Sources: (A) Rubin and Justice (unpublished
data), enhancing NOAA (2014); (B) U.S. Census Bureau (2012).
Approach
From the outset, we wanted to develop a suite of credible,
legitimate, and relevant scenarios that were divergent in land
cover, population density, and impervious cover, with contrasting
Ecology and Society 22(4): 19
https://www.ecologyandsociety.org/vol22/iss4/art19/
consequences for ecosystem function and services. Our initial
ideas were informed by previous land-cover scenarios developed
for the Lamprey River watershed in southeastern New Hampshire
(Scholz 2011) and Massachusetts (Thompson et al. 2013, 2014),
as well as contrasting development patterns across southern New
Hampshire, i.e., concentrated in the coastal city of Portsmouth
vs. distributed in the many small communities along the Interstate
93 corridor adjacent to the Massachusetts border within a 72–97-
km driving distance of Boston, Massachusetts.  
To develop the scenarios, we sought information on possible land-
cover futures from six different sources: historical trends, existing
plans relating to New Hampshire’s land-cover future, surveys,
existing population scenarios, key informant interviews, and
subject matter experts. Scenarios were developed in parallel with
information gathering, in a relatively unstructured fashion, by
iteratively incorporating new details and pursuing new
information sources as questions emerged from internal
conversations, interviews with key informants, or input from
subject matter experts.
Historical trends
New Hampshire’s demographic growth outpaced the rest of the
northeastern United States by a significant margin through the
last three decades of the 20th century and into the first few years
in the 21st century (Johnson 2012). Population growth since 2007
has been slower but still greater than in other states in New
England. This demographic growth has not been even across the
state, however. Most of the population increase has been
concentrated in the southeastern and south-central portions of
the state. Corresponding with population growth, the same time
intervals have seen a rapid expansion in developed land area, with
most development as suburban and exurban housing (Sundquist
2012, Mockrin et al. 2013). Farmland area decreased throughout
the state from the late 19th century to near the end of the 20th
century, with some farms abandoned and reverting to forest and
others converted to development (USDA-NASS 2012). Rates of
conservation have accelerated in recent decades, primarily
because of the actions of land trusts and other organizations
(Meyer et al. 2014a), including broad interest in protecting the
agricultural land base and expanding local food production
(Donahue et al. 2014, American Farmland Trust 2016; Northeast
Sustainable Agriculture Working Group http://nesawg.org).
Nevertheless, most protected land is in the northern half  of the
state and at high elevations, where development pressure is lowest
(Levesque 2010).
Existing plans and visions for New Hampshire’s land-cover future
We relied on three reports regarding the future of New
Hampshire’s and New England’s land use and land cover to
inform our land-cover scenarios. The 2009 New Hampshire
Climate Action Plan (New Hampshire Climate Change Policy
Task Force 2009, Wake et al. 2011) represents a consensus plan
developed through a process that engaged > 125 stakeholders and
29 task force members (representing a broad range of sectors and
interests, including the New Hampshire House and Senate, New
Hampshire state agencies, municipal government, business and
industry, environmental nonprofit organizations, the forestry
sector, academia, and public utilities). One of ten overarching
strategies was to protect New Hampshire’s natural resources to
maintain the amount of carbon sequestered by avoiding net
forestland conversion and protecting existing agriculture land. In
2010, Harvard Forest published Wildlands and Woodlands: A
Vision for the New England Landscape (Foster et al. 2010). The
vision calls for a 50-year effort to conserve 70% of New England
as forest permanently free from development, and efforts to
support this vision continue. Finally, a common focus across
recent New England state food system plans or strategies is in
expanding food production and the agricultural land base
(Vermont Sustainable Jobs Fund 2013, Metropolitan Area
Planning Council 2015, New Hampshire Food Alliance 2015,
Maine Food Strategy 2016). A New England Food Vision builds
on the desires for expanded agricultural production in the region
and describes a future in which New England produces at least
half  of the region’s food by 2060 via an expansion of agricultural
lands from 0.8 million to 2.4–2.8 million ha (Donahue et al. 2014).
Food Solutions New England’s (http://www.foodsolutionsne.org)
commitment to furthering this vision has been codified in a series
of annual New England food system summits beginning in 2011
and by establishing a vibrant regional network.
Surveys
In 2013, New Hampshire’s nine Regional Planning Commissions
sponsored a survey of 2935 New Hampshire adult residents as
part of a larger project (A Granite State Future, funded by U.S.
Housing and Urban Development) to engage New Hampshire
citizens in a public dialogue regarding the future of their
communities and state (Keirns et al. 2013). Additional input was
gathered during key informant interviews with leaders of the A
Granite State Future project and during a separate meeting with
Commissioners from the nine Regional Planning Commissions
(Table 1). More than two-thirds (70%) of respondents favor
keeping future development in existing developed areas, 96% view
water-quality protection as a high priority, and 76% place high
priority on protecting aquatic habitats. Nearly three-quarters
(74%) think that policy makers should invest more money for
maintaining roads, highways, and bridges, whereas only 40%
supported more funds for improving the availability of public
transportation.
Existing population scenarios
Population projections for New Hampshire have been generated
both locally (New Hampshire Regional Planning Councils 2014)
and nationally (e.g., Bierwagen et al. 2010). To represent diverging
futures, we adapted the New Hampshire Office of Energy and
Planning projection (2014) as a low population scenario and the
A2 population scenario developed by the Integrated Climate and
Land Use Scenarios used by the third National Climate
Assessment for a high population scenario (Bierwagen et al. 2010).
We also consulted census data for the state since 1990 as the basis
for a simple linear extrapolation of current rates of population
growth (U.S. Census Bureau 1993, 2013).
Key informant interviews
Key informants from 12 organizations representing five sectors
related to land use and land cover (environmental nonprofits,
business and industry, timber interests, public sector agencies, and
academics and natural resource management consultants; Table
1) were identified based on our knowledge of the state and
recommendations from individuals in leadership positions and
were invited to participate in facilitated group interviews. Ten of
the twelve organizations who participated in the interviews
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Table 1. List of organizations that were interviewed, with sector and number of people.
 
Organization Sector† Region represented Number of
people
Neil and Louise Tillotson Trust Advisory Committee Mixed Northern 10
New Hampshire Energy and Climate Collaborative Mixed Statewide 12
New Hampshire Water and Watershed Conference A & C Statewide 30
New Hampshire EPSCoR Statewide Committee Mixed Statewide 12
Commissioners, Regional Planning Commission Gov. Statewide 9
New Hampshire State Agencies (Department of Environmental Services, Department of
Health and Human Services, and Department of Resources and Economic Development)
Gov. Statewide 20
Granite State Futures Gov. Statewide 20
Society for the Protection of New Hampshire Forests, Board of Directors Env. Statewide 9
Society for the Protection of New Hampshire Forests, Staff Env. Statewide 20
The Nature Conservancy (New Hampshire) and The Northern Forest Center Env. Statewide 10
Innovative Natural Resource Solutions Timber. Statewide 3
New Hampshire Home Builders Association B & I Southern 3
†Sectors represented include: academics and natural resource management consultants (A & C), public sector agencies (Gov.), environmental
nonprofits (Env.), timberland interests (Timber.), and business and industry (B & I). We also interviewed mixed stakeholder groups.
represent statewide interests, and > 150 key informants
participated in these interviews (Table 1). During interviews,
informants were asked two questions: (1) describe a picture of
what you would like New Hampshire to look like in the future,
two to four decades or more from now; and (2) describe a picture
of what you expect New Hampshire to look like in the future, two
to four decades or more from now. Details of our methodology
are provided in Appendix 1. A majority of those interviewed
favored a shift toward more compact residential development
through some combination of local zoning ordinances, regulation
favoring “smart growth” zoning (Addison et al. 2013), and market
responses to increased demand for smaller houses and high costs
of construction far from existing roads, sewers, and other
infrastructure. Participants diverged on whether high or low
population growth was desirable, with most public sector and
industry representatives regarding higher population growth as
desirable, whereas some members of environmental nonprofits
expressed anxiety about the likelihood of land clearing to
accommodate a growing population. A few stakeholders
advocated for increased food production in the state, whereas
others (representing timber and environmental interests) regarded
expansion of agricultural land as a threat to natural resources.
There were some stakeholders across sectors who expressed a
desire for better management of forest, soil, and water to protect
ecosystem services, and environmental nonprofit stakeholders in
particular hoped for continued strategic land conservation.  
When prompted to describe the future they expected, most
stakeholders described a regulatory and zoning environment
similar to their perceptions of the present day or with reduced
environmental protections. The main source of differences was in
the anticipated rate of population growth. Some stakeholders
expected rapid population growth, continuing trends from the late
20th century, which, combined with contemporary zoning, would
result in most of the state filling with residential subdivisions.
Others, particularly government stakeholders, expected low
growth and increased demand for infrastructure to support an
aging population. Still others imagined futures between these two
extremes.
Subject matter experts
Throughout the process, we engaged subject matter experts on a
range of topics. The members of the NH EPSCoR Ecosystem
and Society project numbered > 60 individuals from academic
institutions across the state. They provided input via responses to
our questions similar to those posed during key informant
interviews as well as during monthly team meetings and biannual
all-hands meetings. Key issues relating to forest management and
existing and potential future conserved land were discussed in
detail with members from the New Hampshire chapter of The
Nature Conservancy and the Society for the Protection of New
Hampshire Forests. We engaged Brian Donahue to help us
interpret the New England Food Vision projections for future
agricultural lands across New Hampshire. Demographer Ken
Johnson advised us on the use of the Office of Energy and
Planning population projections, which extend to the year 2040,
and we subsequently obtained extrapolations to 2100 from Bob
Scardamalia of RLS Demographics, the creator of the Office of
Energy and Planning projection. In addition, one of the authors
(CM), who originally connected with the project as a participant
in key informant interviews, joined the team to provide detailed
data on existing residential and commercial zoning in all 221
towns and 13 cities in New Hampshire.
Translation
Based on the diverse themes and information derived from these
six sources (Table 2), we developed a suite of qualitative land-
cover scenarios (narratives) that were subsequently translated into
quantitative land cover, population density, and impervious cover,
essentially applying the story and simulation (SAS) approach
(Mallampalli et al. 2016). The major driving forces that emerged
from this process were population growth, zoning, conservation,
and the role of agriculture in the state. Our translation
methodology was iterative but relatively simple, relying on the
authors’ progressive synthesis of available information.  
Based on the information we collected, we realized that it was
crucial to capture a range of patterns of population distribution,
with an upper limit on compact development defined by the
restriction of new growth to redevelopment of previously
developed land area (New Hampshire Climate Change Policy
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Table 2. Possible futures for New Hampshire that emerged from the six information sources we reviewed. Futures are organized by
theme and by the two questions that were posed during key informant interviews interviews: (1) describe a picture of what you would
like New Hampshire to look like in the future, two to four decades or more from now; and (2) describe a picture of what you expect
New Hampshire to look like in the future. Supporting information, other than interviews, that was used to translate each idea into
scenarios included: historical trends, plans and visions, surveys, population projections, and subject-matter experts.
 
Information source†







What stakeholders would like New Hampshire to look like:
Patterns of
development
Cluster development combines smaller more affordable homes with





Urban infill with mixed-use “smart growth” allows growth and





New businesses attract young families 4 3 5
Conservation Strategic conservation of corridors and other areas with high value for
ecosystem services or biodiversity
6 7 3 8
Forestry Allowed to grow (limited harvest or long harvest cycle) 9
Forestry Traditional forestry (short harvest cycle, natural succession) 10 11
Agriculture Continues to be minor part of landscape 12, 13, 14
Agriculture Agricultural land area expands 15 16
What stakeholders expect New Hampshire to look like:
Patterns of
development
Continued traditional subdivisions result in rapid development of




Continuation of demographic shift toward aging population results in
increased demand for rural amenities and political engagement but
slower economic growth
20 21 22, 23
Population and
demography
Large influx of climate refugees stimulate economic growth but drive
continued subdivisions while impacting cultural norms of heavy water
use and devaluing the rural character of the state
5
Conservation Conservation continues similar to current or at more moderate pace 6 24
Conservation Conservation slows or halts and conservation easements are rolled
back
Forestry Liquidation harvest and residential development 17, 18, 19
†Sources and supporting information: 1, New Hampshire Climate Change Policy Task Force (2009); 2, coauthor Clay Mitchell; 3, Keirns et al. (2013);
4, Gittell and Orcutt (2012); 5, A2 scenario (Bierwagen et al. 2010); 6, Meyer et al. (2014a); 7, Foster et al. (2010); 8, Representatives from The Nature
Conservancy and Society for Protection of New Hampshire Forests; 9, USDA Forest Service (2005); 10, USDA Forest Service (2005); 11, Eric
Kingsley; 12, NOAA C-CAP (NOAA 2014); 13, Rubin and Justice (unpublished data); 14, USDA-NASS (2012); 15, Donahue et al. (2014); 16, Brian
Donahue; 17, Drummond and Loveland (2010); 18, Mockrin et al. (2012); 19, Sundquist (2012); 20, Johnson (2012); 21, New Hampshire Office of
Energy and Planning (2015); 22, Ken Johnson; 23, Bob Scardamalia; 24, Representatives from The Nature Conservancy and Society for Protection of
New Hampshire Forests.
Task Force 2009). However, we were less clear on how the opposite
extreme of dispersed population should be defined and
distributed. Key informant interviews confirmed the importance
of population distribution and growth as drivers of New
Hampshire land cover and provided more specificity: in a high-
population future, anticipated development was described as
progressing northward from the southeast along major
transportation corridors, whereas in the middle of the state,
growth would be concentrated in a select few municipalities
(Plymouth, Hanover, and Lebanon). In a low-population future,
the location of growth would be defined by the county-based New
Hampshire Regional Planning Councils (2014) projections.  
Our original vision for the modeling process was to use land-cover
change models derived from regression trees (De’ath and
Fabricius 2000) and decision trees and based on 1996–2011 land-
cover change data from the National Oceanic and Atmospheric
Administration Coastal Change Analysis Program (NOAA C-
CAP; NOAA 2014), emulating a scenario effort for neighboring
Massachusetts (Thompson et al. 2011, 2016). Regression trees
provide the advantage of being intuitive to interpret and modify
and have been shown to perform with similar realism to more
sophisticated models for long-term projections (Tayyebi et al.
2014). However, this approach presented some challenges when
the driver of land development was local change in population.
Models for the low-density development scenario were therefore
structurally modified to first simulate allocation of population
among municipalities using a model derived from county-level
population projections but designed to be consistent with a
northward progression along transportation corridors. This
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custom model incorporated detailed information on residential
lot sizes zoned for each municipality, and eventually we settled
on a cost-distance weighted gravity model (see details in Appendix
2). The original regression tree models also tended, in some cases,
to produce artificial and unrealistically sharp boundaries between
converted and unchanged lands, and after both internal
discussion among the authors and informal external conversation
with stakeholders and scholars in the broader EPSCoR team, we
decided to avoid these artifacts by adjusting the scale at which
regression trees were computed (e.g., subregions within New
Hampshire instead of for the whole state) and using careful
selection of input variables that would be commensurate with the
scale of simulation models (e.g., avoiding distance variables that
operate at large scales when simulating land-cover change within
a municipality).  
Information gathered during key informant interviews suggested
that the future of land conservation would play an important role
in determining the effects of development on ecosystem services,
a perception supported by the history of land conservation in the
state. However, it was not clear what quantity or distribution of
conservation would be considered necessary to protect these
services. Thus, we engaged subject-matter experts at The Nature
Conservancy and the Society for the Protection of New
Hampshire Forests, who had previously identified high-priority
areas for conservation. GIS experts from each organization
shared their maps of conservation plans and helped us determine
the priority threshold that would be most relevant for a high-
conservation future. At the other end of the spectrum, we
internally debated whether a low-conservation future would have
slow conservation, no conservation, or perhaps even a loss of
conserved land relative to the present day. For this, we relied on
local planning expertise and research (author CM), which
suggested a natural political shift toward cluster zoning with land
conservation as communities are built out, and this observation
was incorporated into our final models. We also discovered that
a linear extrapolation of conservation trends from the past two
decades, which we had planned to use as an intermediate scenario
between the two extremes, would in fact result in a larger area of
conserved land by 2100 than was considered desirable by our
conservation stakeholders. We believed this outcome was an
unrealistic consequence of the unusually high rate of conservation
from 1990 to the present (Meyer et al. 2014a). In this case, we
decided that ending the extrapolated conservation in 2060 would
give a more realistic result while providing similar simplicity to
the general assumptions of a linear model.  
Projecting future change in agricultural land area posed a
particular challenge in the development of scenarios for land
cover. Total land area and changes in land cover for this category
were relatively small, limiting power for statistical analyses. In
addition, the user and producer accuracy of Landsat-based land-
cover data are particularly low for the pasture/hay land category
(Wickham et al. 2010), which represents 75% of cleared farmland
in the state (USDA-NASS 2012). Our colleagues at NH GRANIT
assisted us by providing an enhanced version of the NOAA C-
CAP rasters (Rubin and Justice, unpublished data). We were
previously familiar with A New England Food Vision (Donahue
et al. 2014), which presents two scenarios for agricultural
expansion to increase food security in the region. Given the mix
of perspectives provided during the key informant interviews, we
decided to include two different compact development scenarios,
one assuming dramatic agricultural expansion based on Donahue
et al. (2014), and another with much more modest agricultural
expansion, continuing recent trends. We consulted with Brian
Donahue to determine what land area would be appropriate for
New Hampshire based on A New England Food Vision, and he
provided specific agricultural land areas for the year 2060. He also
advised that we use the more modest of the two scenarios in A
New England Food Vision, which represents a normative
combination of increased food production alongside protection
of forests. To keep this scenario simple, we assumed linear
expansion in agricultural land area between the present day and
the 2060 agricultural land provided in A New England Food
Vision.  
The final products of the translation process were custom land-
cover change models developed for each scenario (see Appendix
2), which produced decadal rasters of land cover and population
density. Maps of impervious cover were derived from population
density maps based on a regression model relating contemporary
impervious cover to population density. To summarize the change
in impervious cover at a watershed level, the proportion of
impervious cover was calculated within HUC10 watershed
boundaries (USDA-NRCS et al. 2015). We used a simple
threshold model to classify watersheds as degraded (> 30%
impervious), impacted (> 10% impervious), or not impacted (<
10% impervious cover; Arnold and Gibbons 1996).
THE SCENARIOS
The six scenarios we developed fall on a continuum from dispersed
development with a low value placed on shared ecosystem services
to concentrated development with a high value placed on shared
ecosystem services (Fig. 2A). The “Backyard Amenities” scenario
(Backyard) is characterized by dispersed development with little
regulation or effort to preserve ecosystem services combined with
rapid population growth. The “Community Amenities” family of
scenarios (Community) is characterized by concentrated
development and a strong focus on the preservation of existing
forest and agricultural lands. The Community family contains
four scenarios, each informed by Foster et al. (2010). These differ
along the axes of population growth (“Small Community” vs.
“Large Community”) and degree of agricultural expansion
(“Protection of Wildlands” [Wildlands] vs. “Promotion of Local
Food” [Food]; Fig. 2B), giving four scenarios within the family:
Small Community-Wildlands, Large Community-Wildlands,
Small Community-Food, and Large Community-Food). For all
scenarios in this family (and to be consistent with the
recommendations of the New Hampshire Climate Change Policy
Task Force [2009]), all development occurs as redevelopment
within existing developed areas. Between the Backyard scenario
and the Community family is the “Linear Trends” scenario
(Linear). To enhance the usefulness of these scenarios for social
scientists and planners, each scenario is accompanied by general
descriptions of associated economic, governmental, and cultural
change (Appendix 3).  
For the Backyard scenario, development rates were based on
population projections, a database of the mean area zoned for
future residential lots in each municipality, and historical trends
in zoning changes in response to development pressure (C.
Mitchell et al., unpublished manuscript). As each municipality is
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Fig. 2. Schematics of land cover scenarios. The three scenario families can be placed along a continuum from
dispersed population with low value placed on shared ecosystem services to concentrated population with high
value placed on shared ecosystem services (A), and the Community family is subdivided based on population
growth and conservation priorities (B), giving a total of six scenarios: Backyard, Linear, Small Community +
Wildlands, Small Community + Food, Large Community + Wildlands, and Large Community + Food.
built out to 50% and then 62.5%, land area per lot is reduced to
reflect a political shift toward increasingly compact cluster
zoning. The population density of newly developed land increases
based on lot size and average households of 2.5 individuals (New
Hampshire Office of Energy and Planning 2015), and impervious
cover is updated based on population density. For the Community
family, developed land area does not increase, so the projected
increase in population is allocated to developed land with existing
population (assumed to be residential areas), and impervious
cover is correspondingly increased to reflect the necessary
redevelopment to accommodate increased densities. In addition,
where population density decreases, impervious cover is
permitted to decline based on reduced residential requirements.
The Food scenarios assume a linear expansion of agricultural
land area to meet the target of 3640 km² by the year 2060. Because
this vision is designed to be compatible with forest protection, we
keep agricultural land area constant after 2060. The Linear
scenario extrapolates recent trends in development for each of
four regions in the state: the southeast, southwest, central, and
north (see Appendix 2).  
Rasters for the year 2100 of the four land-cover scenarios (Fig.
3) and four population-density scenarios (Fig. 4) reveal a
collection of highly distinct futures for the southeastern and
central portions of the state, with relatively minor differences in
the north. Impervious cover increases in southeastern and central
watersheds for all population scenarios except Small Community
(Fig. 5A). This change is particularly dramatic for the Backyard
scenario; by 2100, the number of watersheds in the impacted
category (impervious cover > 10%; Arnold and Gibbons 1996)
quadrupled relative to the present day (Fig. 5B). Only 750 km² of
new land is conserved for Backyard compared with 4000 km² for
Linear and 4700 km² for the Community family (Fig. 6). The
spatial distribution of land conservation is fragmented and
haphazard in Linear and targeted and contiguous for Community.
DISCUSSION
The scenarios presented here reflect four main driving forces in
New Hampshire: population growth, zoning, conservation, and
the role of agriculture in the state. The result is one scenario with
rapid dispersed development (Backyard), a suite of compact
growth scenarios (Community), and one intermediate scenario
(Linear). In the Backyard scenario, southeastern and central New
Hampshire are almost entirely built out by 2100, a higher end
estimate of what the state could look like if  recent trends continue
(see shorter term projections from New Hampshire Fish and
Game 2005, Stein et al. 2009, 2010). Impervious cover increases,
bringing 15 new HUC10 watersheds (USDA-NRCS et al. 2015)
in southern New Hampshire into the “impacted” category by 2100
(Arnold and Gibbons 1996). In contrast, the future presented by
the Community family of scenarios maintains all of the
undeveloped land of the present day, aligned with the goals set
out by the New Hampshire Climate Change Policy Task Force
(2009) and reflecting information gathered in the 2013 survey
(Keirns et al. 2013) and key informant interviews. The Wildlands
and Food scenarios within the Community family present two
contrasting futures for rural land use within the state: one similar
to the present day; and one in which the landscape is transformed
to support a large portion of the food demand within the region,
resulting in a dramatic expansion in farmland in areas suitable
for agriculture (i.e., central New Hampshire, coastal plain, and
along the Connecticut River valley), a future that in some ways
resembles land cover in the mid- to late 1800s. The Small
Community scenarios represent little change in population or
impervious cover, whereas in the Large Community scenarios,
many southeastern and central population centers experience
growing high-density populations while rural spaces are
protected. The Small Community scenarios are similar to the
Large Community scenarios but without any significant
population growth, requiring little change to municipal
infrastructure from the present day.
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Fig. 3. Scenarios for land cover in 2100. Maps are shown for the four land-cover scenarios: Backyard, Linear, Wildlands, and
Food.
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Fig. 5. Proportion (%) impervious cover by HUC10 watershed for 2100 for each scenario (A) and changes in number of impacted
watersheds (> 10% impervious cover) contained in or overlapping the state (B).
Fig. 6. Scenarios for land conservation in 2100 for three
scenario families: Backyard, Linear, and Community. Light
green = land conserved in the present day, dark green = newly
conserved land under each scenario.
Our modeling priority was to produce maps that would resonate
as plausible to New Hampshire stakeholders. To achieve this, we
used an iterative SAS approach to develop and calibrate custom
models based on diverse local sources of information (Table 2).
Key knowledge incorporated into the scenarios included details
of contemporary zoning (C. Mitchell et al., unpublished
manuscript), existing conservation plans (The Nature
Conservancy New Hampshire Chapter, unpublished data; Society
for the Protection of New Hampshire Forests, unpublished data),
the New Hampshire Climate Action Plan (New Hampshire
Climate Change Policy Task Force 2009), and a normative vision
for the future agricultural land area in the state (Donahue et al.
2014). For two scenarios, we also used a population projection
from the state’s Office of Energy and Planning (New Hampshire
Regional Planning Councils 2014). Because that projection
represents a low population future and some stakeholders
expected a high population future, we also used national
projections from the U.S. Environmental Protection Agency’s
Integrated Climate and Land-Use Scenarios (EPA ICLUS) report
(Bierwagen et al. 2010). The final result was a suite of six distinctly
local scenarios relevant in different ways to a diversity of local
stakeholders.  
We worked to limit the number of scenarios based on the
longstanding recommendation that scenario development should
be restricted to three or four scenarios (Schwartz 1991, Peterson
et al. 2003). However, the diversity of interests among
stakeholders prompted us to expand the Community scenario
into a family of scenarios to better match the interests of different
stakeholders. Nevertheless, we recommend that users of these
scenarios identify two to four scenarios most relevant for their
purposes. For example, researchers and planners interested in the
relative importance of population and population density might
focus on the Backyard, Large Community-Wildlands, and Small
Community-Wildlands scenarios, whereas food systems
professionals might focus on the capacity of New Hampshire to
feed a growing population in the Backyard, Large Community-
Food, and Large Community-Wildlands scenarios.  
An important methodological decision in our approach was to
bound the scope of our models to the specific driving variables
identified by stakeholders, rather than to attempt to develop an
integrated model of all aspects of the system. Thus, the model for
Backyard explicitly includes zoning and population, but we did
not model the economic mechanisms that would drive the spatial
distribution of population or development. Likewise, for the Food
scenarios, we modeled a simple trajectory consistent with
Donahue et al. (2014) and, because our scenarios focused on New
Hampshire and not the region as a whole, we did not assume that
regional demand would necessarily differ between the two
population variants. We combined statistical models,
extrapolation, expert knowledge, normative vision, and zoning
data to simulate each scenario but did not attempt to predict
scenario differences with a single model. Our approach differs,
for example, from econometric models, which assess the potential
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consequences of specific policy decisions on land-cover change
based on current knowledge of markets (e.g., Radeloff  et al. 2012),
and Bayesian belief  networks, which rely on the ability of expert
stakeholders to characterize the interrelationships among driving
variables (McCloskey et al. 2011, Meyer et al. 2014b, Carpenter
et al. 2015). Although the resulting models are less suitable for
mechanistic analysis of the interdependence of the factors driving
governance and land-use choices than other approaches, we
believe that our models satisfied our primary goal of developing
divergent scenarios consistent with stakeholder intuitions. The
scenarios also represent particular divergence with regard to
population distribution as compared to other scenario sets (e.g.,
Bierwagen et al. 2010).  
In part to maintain the simplicity of our models and in part as a
result of the limited resources available for a small-scale scenario
effort, we borrowed in places from the approach used in the
development of the representative concentration pathways, which
are the basis for current scenarios in climate modeling, and which
describe trajectories of changing emissions without modeling the
mechanisms that produce each pathway (Moss et al. 2008, 2010).
Notably, we used published projections for our high (Bierwagen
et al. 2010) and low (New Hampshire Regional Planning Councils
2014) population scenarios, but we consider the magnitude of
change to be more important than the underlying demographic
variables such as age structure, fertility, or migration. For instance,
although the EPA ICLUS A2 population projection assumes high
fertility rates and high domestic migration, our Backyard and
Large Community scenarios could be equally useful for high-
population futures produced by other mechanisms. Such growth
might result, for example, if  domestic populations shift in
response to changing climate. New England is expected to receive
slightly increased precipitation under most climate change
scenarios (Hayhoe et al. 2007, Melillo et al. 2014), whereas it is
generally accepted that the recent droughts in the U.S. southwest
will continue (Walsh et al. 2014). Migration of even a small
percentage of U.S. residents from drier areas to wetter areas over
the coming decades could produce a dramatic increase in the
state’s population.
Lessons learned
Our experience in scenario development exemplifies the
challenges of small-scale scenario development with limited
resources. Our interdisciplinary team included a mix of natural
scientists and social scientists but did not include researchers with
preexisting expertise in scenario development or with specialized
knowledge of statistical and engagement tools that might have
aided in systematic translation of stakeholder perspectives into
internally consistent models (Mallampalli et al. 2016). For
example, use of fuzzy cognitive maps or Bayesian networks could
have produced more immediate translation from stakeholder
perspectives into quantitative scenarios (Mallampalli et al. 2016).
Our project would likely have been enhanced by the inclusion of
additional academic disciplines on the team such as a
demographer who could provide more customized population
projections or an economist with knowledge of land valuation,
supply chains, and distribution networks. In addition, although
we endeavored to engage stakeholders from a balanced collection
of sectors in the state, our reliance on snowball sampling could
have introduced selection or gatekeeper bias (Bonevski et al.
2014), preventing us from hearing the perspectives of important
groups not represented in our professional networks. For example,
a clear area for improvement in the scenarios would have been
more sophisticated modeling of the timing and spatial
distribution of increased farmland area in the Food scenario,
which might have been enhanced by more engagement of experts
in food production or distribution or, alternatively, by the
inclusion of an economist on the team.  
The transparency of our process also would have been improved
if  we had used more systematic methods to collect data from key
informant interviews, including recording, transcription, and
quantitative analysis of responses. It is therefore not possible to
delve further into the interviews to identify patterns among the
data and the different informants, which could help to predict
whether there might be identifiable triggers associated with the
different futures. Finally, our timeline did not allow for iterative
engagement of the stakeholders that we interviewed to invite them
to critique our preliminary scenarios, as is recommended in the
classic SAS approach (Alcamo et al. 2006). This method could
have provided significant refinement of the details of the different
population distributions and the accompanying economic,
governmental-regulatory, and cultural change narratives.  
Overall, our scenario development process strongly centered on
the decisions and intuitions of the research team and assigned
priority to the perspectives of stakeholders with close working
relationships with the authors. While this can enhance
collaboration between researchers and specific technical experts
outside of academia (Pulver and VanDeveer 2009), a clear
criticism of this approach is the bias it introduces, amplifying the
voices of some stakeholders over others. On the flip side, the use
of engagement methods that require minimal investment by
stakeholders may have increased the breadth of perspectives
included, and reliance on existing collaborative relationships may
have enabled us to include more specific detail than might have
been included if  we insisted on a more statistical representation
of stakeholders.
Future directions
In addition to the use of these scenarios in the ecosystem modeling
efforts that combine land-cover scenarios with high and low
emissions climate scenarios (Samal et al. 2017) and an
investigation of the role of imagined futures in shaping the value
placed on ecosystem services (Borsuk et al., unpublished
manuscript), they are also informing conversations among
municipal planners. Based on a 2016 stakeholder workshop, high-
resolution maps have been generated to inspire further discourse
(http://ddc-landcover.sr.unh.edu/). Future research will build on
these projects to further assess dynamic changes to ecosystem
services in response to climate and land-cover change. An
important area for refinement of the scenarios will be spatially
explicit modeling of land use and land management, particularly
for agriculture and managed forests.
Responses to this article can be read online at: 
http://www.ecologyandsociety.org/issues/responses.
php/9733
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Appendix 1: Qualitative Methodology
To capture the views of a broad range of stakeholders, we conducted key informant interviews 
with representatives from five sectors: environmental nonprofits, business and industry, timber 
interests, public sector agencies, and academics and natural resource management consultants 
(Table 1). Key informant interviews do not commonly require the production of numerically 
representative sample for each sector or of the stakeholder community as a whole, but rather 
provide a range of information and perspectives from stakeholders with specialized knowledge 
and/or decision-making power (Frey and Fontana 1991, Marshall 1996a, 1996b). 
We identified key informants based upon our knowledge of the state and upon recommendations 
from individuals in leadership positions, and invited them to participate in facilitated group 
interviews. We conducted thirteen interviews, cumulatively including between five and twenty 
representatives from each sector. Interviews were commonly 90 minutes long. Prior to the 
interviews, key informants signed a UNH Institutional Review Board approved Consent Form. 
The interviews focused on discussion of two questions: 1) describe a picture of what you would 
like New Hampshire to look like in the future, two to four decades or more from now; and 2) 
describe a picture of what you expect New Hampshire to look like in the future, two to four 
decades or more from now. These questions were designed to encourage a discussion of 
opposing views of the future. Notes from the interviews were shared within the research team, 
compared for accuracy, and then qualitatively analyzed, with participants’ responses and 
perspectives categorized by theme.
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Appendix 2: Details of map generation
Maps for each scenario were generated using custom land cover change models.  Details of these
models varied by scenario, but, following the methods of Thompson et al. (2011), all simulations
used regression tree (RT) models to distinguish among zones with different probability of land 
cover change and conservation during the 1996 to 2011 interval.  Population and impervious 
cover maps were generated by combining these maps with the accompanying population 
trajectories.  Details of model construction are presented below, beginning with an overview of 
the use of RTs and the general approach for producing population and impervious cover maps.  
Subsequent subsections present the model details for the Linear, Backyard, and Community 
scenarios.
General methods
RTs are non-parametric models used to relate a single response variable to categorical and 
numeric independent variables by recursive binary partitioning of input data into more 
homogeneous groups (De'ath and Fabricius 2000). The predictor variables supplied to the the 
RTs varied somewhat by scenario, but generally included: 1996 land cover categories, elevation, 
slope, soil drainage classification, prime farmland classification, and distances from major roads,
developed land, conserved land, surface water, and the population centers of different sized 
communities (Table A2.1).  Size classes for communities were determined from visual inspection
of natural breaks in the distribution of town sizes in the state.  We excluded predictor variables 
that were likely to change over the interval from 2010-2100 but which could not be simulated as 
a simple function of changing land cover.  For instance, because some of our scenarios include 
the construction of new roads in residential subdivisions, we excluded distance from minor roads
as a driver in our analyses. We also deliberately excluded population densities and population 
growth rates as possible driving variables in our statistical models because of the difficulty of 
disentangling the degree to which population drives development from the degree to which 
development drives population growth.
Following the methods of Thompson et al. (2011), we generated RTs in the software package R 
version 3.2.2 (R Core Team 2015), using the conditional inference tree toolset implemented in 
the R package PARTY (Hothorn et al. 2006).  Spatial coverages for all input variables were 
derived from the GRANIT database (NH GRANIT 2016), and all spatial analyses were 
conducted using the R packages RASTER (Hijmans 2015) and RGDAL (Bivand et al. 2015).  Raw 
data on land cover change were derived from land cover maps based on data from the National 
Oceanic and Atmospheric Administration's National Coastal Change Analysis Program (NOAA 
C-CAP) 1996 and 2011 (NOAA 2014), enhanced by Rubin and Justice (unpublished data).  The 
2011 map was also used as the base map for our simulations.  Spatial patterns of land 
conservation were estimated from dates of land conservation in the NH GRANIT 
Conservation/Public Lands dataset, with additional dates of land conservation obtained from a 
query of a land transactions database maintained by the New Hampshire Department of 
Resources and Economic Development (NH DRED).
Table A2.1. Variables included in regression tree models
Variable Source Notes
Land cover NOAA C-CAP 1996 and 20111 enhanced by
NH GRANIT2, 2014
Source categories aggregated to: 
forest, agriculture, development, 
wetland, water, and other
Distance from developed land NOAA C-CAP 1996 and 20111 
Distance from surface water NOAA C-CAP 1996 and 20111 
Conserved land NH GRANIT: New Hampshire 
Conservation / Public Lands3
Dates of conservation 
supplemented with NH DRED 
database query
Distance from conserved NH GRANIT: New Hampshire 
Conservation / Public Lands3
Elevation USGS National Elevation Dataset4
Slope USGS National Elevation Dataset4
Soil drainage classification NH GRANIT: Soil Survey Geographic 
(SSURGO) database for New Hampshire5
Flood plain classification Digital Flood Insurance Rate Maps3
Farmland classification NH GRANIT: Soil Survey Geographic 
(SSURGO) database for New Hampshire3,5
Distance from major roads NH GRANIT: NH Public Roads3
Distance from population 
centers and municipalities of 
different size classes
NH GRANIT: New Hampshire Political 
Boundaries3, U.S. Census Populations 
(1990, 2000, and 2010)5, and U.S. Census 
Populated Places from USGS Geographic 
Names Information System (GNIS)6
Classes included: all NH 
population centers; all NH 
municipalities; all NH 
municipalities with population 
above 500; all NH municipalities 
with pop above 8000; Manchester
and Nashua; Boston MA
1NOAA et al. (2014); 2Rubin and Justice unpublished data; 4USGS (2009); 5NH OEP (2011); 6NH OEP 
(2006)
To model the geographical distribution of land change and conservation within the state, RT 
models for geographic predictors of each change category were developed based on a randomly 
positioned uniform grid of sample points.  In most cases the spacing of sample points was 1 km.  
Land categorized by NOAA C-CAP as wetland, surface water, or developed land, and conserved 
land were excluded from the development and conservation models.
For each change category, RTs were used to identify geographic zones corresponding to the 
terminal nodes of each tree. The resulting maps of probability zones were the basis for the land 
cover change simulations. For each land change category, we calculated area of change within 
each zone between 1996 to 2011, allocated among zones as 30 m grid cells based on the percent 
of total land change that had occurred in each zone in 1996 to 2011. In cases where regression 
trees included distance from development or distance from conserved land as driving variables, 
zones were re-calculated each decadal time step. When a zone did not contain sufficient 
undeveloped or un-conserved land area to accommodate a land change increment, the remaining 
increment was allocated among other zones. Specific details of this process varied by scenario.
Maps of population density and percent impervious surface were derived from the 30 m 
resolution land cover maps for each scenario, combined with base maps of current population 
density and assumptions about population growth that varied by scenario (Fig. A2.1). The base 
map for population density was a rasterization of 2010 U.S. Census block-level population 
densities. For each decadal time step, the resulting population density map was updated based on
the scenario-specific assumptions about how population is spatially allocated. 
Fig. A2.1. The three New Hampshire population trajectories used in the scenarios: ICLUS A2, 
the EPA ICLUS population projection for the IPCC A2 scenario (EPA ICLUS),  a linear 
extrapolation of 1990-2010 population trends (Linear trend), and NH Office of Energy and 
Planning (NH OEP) with projection out to 2100 (NH OEP extrapolation).
Impervious cover maps were generated by combining the National Land Cover Database 
(NLCD) impervious surface map for 2011 (Xian et al. 2011) with the simulated change in 
population density for each time step.  A saturation curve was fit to the relationship between 
mean impervious cover and population density of U.S. Census tracts by non-linear least squares 
regression to produce a function relating percent impervious cover (I) to population density (P): 




Annual land cover change in each category is maintained at 1996-2011 rates through 2100, and 
conservation rates are maintained at 1996-2011 rates until 2060.  Each decade, 102 km2 of land is
permanently converted from undeveloped to developed, 12 km2 is converted to agricultural land, 
and 0.5 km2 of agricultural land reverts to forest.  Until 2060, 806 km2 of undeveloped land is 
permanently conserved each decade. To reflect the common perception of key informant 
stakeholders that different parts of New Hampshire are subject to different drivers of land cover 
change (see Johnson 2012), the spatial distribution of land cover change and conservation were 
determined independently for each of four regions in the state: North (Coos and Carroll 
counties), Central (Grafton, Belknap, Merrimack, and Strafford counties), Southwest (Sullivan 
and Cheshire counties), and Southeast (Hillsborough and Rockingham counties).  
We generated RTs for development and conservation within each region (see for example 
regional development RTs in Fig. A2.2).  Because 1996-2011 development rates in the North and
Southwest were very low, a 500 m grid, instead of a 1 km2 sample grid, was used in those regions
to increase the number of sample points that had new development during that interval.  The 
resulting regional maps of probability zones were then combined into single maps (one for 
development and one for conservation) to determine the allocation of newly developed and 
newly conserved land across the state as 30 m grid cells in each decadal time step.  Spatial 
projections for land cover change in the forest-to-agriculture and agriculture-to-forest categories 
were determined by a single statewide RT for each category.
To calculate population density maps, the population of New Hampshire was assumed to 
increase at a rate of 10,000 people per year, giving a total of 2.2 million people in the state by 
2100, a linear extrapolation of 1990-2010 trends (Fig. A2.1). Because this new population was 
assumed to be uniformly distributed across newly developed land, each decade the population 
density increased by 96 / km2 (=100,000 people / 104 km2) for every newly developed pixel. In 
each time step, the impervious cover for newly developed pixels was calculated based on the 
new population density for that pixel.  The population density and impervious cover for all other 
cells was assumed not to change.
Fig. A2.2. Example regression trees (RTs) for development in regions of New Hampshire.  RTs 
are shown used to generate zones of varied probability of development within the Central, North,
Southwest, and Southeast regions of the state.  Significant predictor variables are shown in the 
ovals, thresholds used to separate the zones are shown on the lines, probability of development is
shown in the gray boxes, and the fraction of development occurring within each zone is shown 
below the boxes.  These RTs were used for the Linear scenario.  Similar trees were used to 
predict conservation, forest conversion to agriculture, and agriculture conversion to forest in each
scenario.
Backyard Amenities
The area of newly developed land was determined separately for each municipality based on 
projected population growth, the typical lot sizes in each municipality, and the assumption (based
on previous experience in southern New Hampshire; Michell et al. unpublished report) that 
residential zoning would shift toward cluster zoning as each community fills.
Municipal population growth projections were adapted from the EPA ICLUS scenario A2 for 
county-level population growth (U.S. EPA 2009, Bierwagen et al. 2010).  Under this projection, 
the total NH population grows from the current 1.3 million (for 2014) to 1.8 million by 2050 and 
2.8 million by 2100 (Fig. A2.1), with the vast majority of population growth in southeastern 
counties. We modified the ICLUS A2 population scenario by adjusting allocation among 
counties to allow suburban sprawl in high density counties to spill over into municipalities in 
neighboring counties and northward along major roads (I-89, I-93, and NH Route 16).  This 
reflects previous findings suggesting that the areas of most rapid growth tend to be progressively 
further from urban centers as buildout occurs (e.g., Mockrin et al. 2012, Jeon et al. 2014, Thorn 
et al. 2016), as well as key informant perspectives on likely patterns of future development.  
Within most counties, we initially distributed population among municipalities in proportion to 
the current municipal population. We used special handling for  Grafton county, a primarily rural 
county with two major population centers that had been identified by stakeholders as areas with 
high potential for growth.  We therefore assumed that all growth in the county would initially be 
concentrated in those population centers (Hanover/Lebanon and Plymouth), with additional 
growth occurring as spillover population from other counties.
Within municipalities, the area of development required for the increase in population for each 
decadal time step was calculated assuming 2.5 people per housing unit and one housing unit per 
residential lot.  Residential lot size for each municipality was initially set to the mean lot size 
based on 2014 zoning but was allowed to change dynamically in response to development 
pressure, based on analysis by Mitchell et al. (unpublished report).  Specifically, when a 
municipality is 50% built out, it is assumed that mandatory cluster development zoning is 
adopted.  Lot sizes are halved, and for every acre that is developed, an acre of land is set aside 
for conservation.  When a municipality is 62.5% developed, more extreme cluster zoning was 
assumed, with lot sizes halved again and three acres set aside for conservation for every acre that
is developed. 
As municipalities run out of land that can be developed in the simulation, the excess population 
is distributed among nearby municipalities, based on a gravity model generated from a simple 
transportation cost-distance map. The cost of travel (e.g. in the form of commuting time) along 
the major roads was assumed to be half the cost of travel elsewhere on the map.  The cost-
distance map was produced from a raster map of major roads (see Table A2.1) using the R 
function COSTDISTANCE from the package GDISTANCE (van Etten 2015).  Minor roads were not 
included as low-cost pathways because we assumed that new roads would be constructed to 
accommodate new development.  Under the gravity model, the probability of spill-over 
population from a filled municipality going to each other municipality in the state scales with the
inverse of the square of the cost-distance between the two (see Wang 2001).  The excess 
population is then allocated by drawing from the resulting probability distribution for 
municipalities that are not yet filled.  
Within municipalities, development and conservation are spatially allocated according to RTs 
generated for the entire state of New Hampshire. Because New Hampshire municipalities are 
typically only five to fifteen kilometers across, the driving variables that were most important at 
larger spatial scales were excluded from the RT analysis. Specifically, we excluded elevation and
the distances from major roads, populated places, municipalities of different sizes, and surface 
water.  Other land conversion (forest or other to agriculture and agriculture to forest) was 
allocated at the statewide level using the same regression trees as the Linear scenario.  
Population density maps were generated from the population density base map by combining 
municipal population projections with development maps. In municipalities with a positive 
population increment, the population density increment for all newly developed land was defined
as equal to the population increment for that municipality, divided by the developed land 
increment for the municipality that time step; in municipalities with a negative population 
increment, all land area within the municipality was assumed to decrease in population density 
by the same proportion as the decrease in municipal population as a fraction of previous 
population.  
Impervious cover for newly developed pixels was then calculated from population density by 
applying the function for percent impervious cover for each newly developed cell. Impervious 
cover in other parts of the state was assumed not to change.
Community Amenities 
In the Community family of scenarios, all land development is assumed to occur as 
redevelopment, so the simulated area of developed land does not change. Patterns of land cover 
change between forests and agriculture differed between the Wildlands and Food scenarios.  For 
the Wildlands land cover change scenario, we assumed rates of conversion from forest or other to
agriculture and agriculture to forest were the same as in the Linear scenario, and used the same 
regression trees to simulate land cover change. For the Food scenario, land was assumed to be 
converted to agriculture at a constant rate such that by the year 2060 there are a total of 3,640 
km2 (900,000 acres) of farmland and pasture in the state of New Hampshire, as described in the  
Omnivore's Delight scenario (Donahue et al. 2014). To accomplish this, 510 km2 of forest is 
converted to farmland each decade.  The spatial distribution was determined by the same RT as 
for the Linear scenario, but constrained to areas identified as prime farmland, prime farmland of 
state-wide importance, or prime farmland of local importance as identified by the Soil Survey 
Geographic (SSURGO) soils map (see Table A2.1). We assumed no additional change in 
agricultural land cover after 2060 and that no farmland reverted to forest.
In all scenarios, conservation was assumed to occur at a constant rate such that by the year 2060, 
all high priority conservation lands identified by the New Hampshire Wildlife Action Plan 
(WAP), The Nature Conservancy (TNC) New Hampshire portfolio plans and The Society for 
Protection of New Hampshire Forests (SPNHF) priority lands for conservation have been 
conserved, giving a total of 12,000 km2 of conserved land in the state. For each decadal timestep,
1,203 km2 of undeveloped land is conserved, using the same regression tree as for the Linear 
scenario, but constrained to the combination of habitat designated Tier 1 by NH WAP with the 
highest priority land targeted for conservation by the SPNHF and TNC conservation plans for 
2014 and 2013 respectively (NH Fish and Game 2005, TNC 2013, SPNHF unpublished data).
Calculation of future population density depends on the population growth scenario (Fig. A2.1).  
In the Large Community scenario, the same municipal-level population growth pattern is 
assumed is assumed to be the same as for the Backyard scenario.  For the Small Community 
scenario, we used county-level population projections developed by the NH Office of Energy 
and Planning (OEP) for 2010-2040 (NH OEP 2014), extrapolated out to 2100 (Bob Scardamalia, 
RLS Demographics, personal communication).  Within counties, new population was allocated 
among municipalities based on existing population, as was the case for the Large Community 
scenario.
In both population scenarios, population growth within municipalities is accommodated by 
redevelopment of currently populated developed land. These areas were identified as 30 m cells 
of developed land with population density greater than 156 people/km2 (the estimated population
density with 4 acre lots) and less than 20,000 people/km2 (the population density of the larger 
apartment blocks in downtown Manchester, NH), and for which the new population density 
would not exceed 30,000 people/km2.  If no land area met these requirements, the minimum 
population density was lowered first to include all developed cells with density greater than 0, 
and then, if necessary, to include all developed cells.  In municipalities with positive population 
growth, the population density increment for previously developed land area is defined as the 
population increment for the municipality as a whole divided by the total area identified as 
available for growth, and other cells did not change in population density; for municipalities with
negative population growth, the protocol for changing population density was the same as for the
Backyard scenario. 
Impervious cover for developed land was assumed to increase with increasing population density
as larger residential structures are constructed, and to decrease with decreasing population 
density as unused buildings and pavement are cleared to make way for parks and gardens.  To 
accomplish this, the impervious cover regression model was first applied to all cells with 
changing population density to give a preliminary map of new impervious cover. The resulting 
coverage was compared with the impervious cover for the previous time step, and the new map 
was used to replaced the previous map for all cells for which either the population density 
decreased or both population density and impervious cover increased.
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Appendix 3: Scenario narratives
The following narratives provide general descriptions of changes to New Hampshire's economy 
and culture that could change under each scenario: Backyard, Linear, and the four scenarios in 
the Community family.
Backyard
Rapid population growth is combined with traditional zoning and a rollback of policies and 
practices to protect natural landscapes and ecosystem services (outside of areas already 
conserved). The policy and practice of local control dominates in municipalities, the legislature, 
and courts. Less public money is available for land protection, and environmental statutes and 
regulations are weakened. New land protection agreements are challenged in court and are 
increasingly at risk, although no previously conserved land is developed. Financial incentives 
encourage landowners to make forested and agricultural land available for industrial parks and 
residential subdivisions.
The primary form of land cover change is residential development, primarily houses adjoining 
private lawns, gardens, or small wooded lots. Lot sizes are determined by municipal zoning 
similar to the present day (i.e., one to two acre lots in most communities; Mitchell et al. 
unpublished report). Housing development occurs primarily in the southeast, an area with easy 
access to the Boston-metro region. As the southeastern municipalities fill up, development spills 
northward along major highways (I-89 and 93) and into the southwest and central regions of the 
state.
Conservation of forests and farmland is reactive, not proactive. As municipalities surpass 50% 
development, each community undergoes a cultural shift that drives policies to favor cluster 
zoning (reflecting current trends; Mitchell et al. unpublished report). Cluster zoning supports a 
decrease in lot sizes, and one to three acres are set aside for conservation for every acre that is 
developed. Conserved areas are locally managed, with emphasis on recreation and aesthetic 
values, rather than on other ecosystem services such as wildlife habitat, carbon sequestration, or 
water supply or flood control.
Residential development occurs primarily outside of urban cores where land costs are lower and 
municipal services lacking. Homes rely on wells and septic systems rather than municipal water 
and sewer, and the automobile is the primary form of transportation. Road building does not keep
pace with the increase in vehicle miles traveled (VMT); as a result, commuters spend increased 
time in traffic. Meanwhile, the high cost for municipalities of even the limited road construction 
and other dispersed infrastructure leaves few resources for other strategic investments. Most 
economic growth is in the construction and service sectors.  There is no state-wide energy plan. 
Forests cleared in pre-development liquidation harvests provide a one-time source of biomass 
energy. Lowest cost energy prevails.
The composition of undeveloped land remains similar to the present day, mostly forest with a 
small amount of agriculture (mostly hay and pasture). Forestry remains highly mechanized, and 
forestry and agricultural practices focus on short-term profit with reduced emphasis on erosion 
mitigation, minimization of fertilizer inputs, or impact on ecosystem services.
Linear
The Linear scenario represents a future with economy, practices, and rates of change similar to 
those over the period from the 1990s to 2010. Preference for local control, resistance to policy 
change at the municipal level, and traditional business interests are counterbalanced by continued
activity by the local and regional land trusts and a growing cultural value of protection of forests,
farmland, and ecosystem services, producing a mixture of conventional development and 
expanding land conservation.
Rates of land cover change among forest, developed, and agricultural categories are held 
constant at the average rate from 1996 to 2011, and statewide population growth is a linear 
extrapolation of 1990 to 2010 rates. Rates of land conservation continue linearly as well, but 
because rates of conservation during the 1996 to 2011 interval were unusually high (Meyer et al. 
2014), we assume that those rates of conservation will end by the year 2060.  The spatial 
distribution of land cover change and conservation is shaped by the same drivers as for 1996-
2011, and the spatial distribution of the growing population corresponds to the distribution of 
new development.
Public funding for roads continues to lag behind needs (e.g., Haven 2013), so few new roads are 
built. There is a modest increase of within-community public transit and public water and sewer, 
but most residents continue to rely on personal automobiles and wells and septic systems. There 
are slight expansions in low impact development technologies and the use of renewable energy.
In northern New Hampshire, highly mechanized forestry remains prominent, driven by 
commercial timber interests. Aside from Best Management Practices to minimize erosion (North 
East Foresters Association 2013), sustainable forestry practices are rare outside of conserved 
areas with a specific sustainable timber mission.  Uneven-age management with passive 
regeneration continues to be the norm. Additional timber harvests occur throughout the state 
where land is cleared in preparation for subdivision development. Agricultural practices are 
similar to the present day.
Community
In this family of scenarios, public attitudes shift toward valuing collective needs at state and 
regional scales and away from focus on the particular desires and needs of individuals, aligning 
with the recommendations of NH's 2009 Climate Action Plan (New Hampshire Climate Policy 
Task Force 2009). Policies and investment support conservation of land for working forests and 
agriculture and for the growth of renewable energy. Universal buffer regulations protect wetlands
and surface waters across the state. Statewide coordinated policies are implemented to ensure 
safety, connectivity, and access regardless of age, ability, or mode of transportation.
No additional land is developed beyond what is already developed. Instead, in areas with 
growing population, urban cores and village centers are redeveloped to accommodate expanding 
populations. In areas where the population declines, abandoned residences and businesses are 
converted into public parks and gardens. Redevelopment to increase density takes various forms,
including second houses added to one and two acre lots and construction of apartments, condos, 
and co-housing in village centers, in alignment with the recent passage of NH Senate Bill 164 
(2016) on Accessory Dwelling Units. Most redevelopment uses the principles of low impact 
design (LID; Roseen et al. 2011), which protects or enhances ecosystem services.
Conservation of forests and farmland is strategic and proactive, with new conservation including 
rare habitats and corridors between existing conserved land.
Substantial public funds are allocated to building and maintaining public and non-motorized 
transportation infrastructure between and within population centers. Walking and riding miles 
increase while VMT decrease, resulting in less congestion, even in growing urban centers. The 
number of roads therefore does not need to be increased. Concentrated redevelopment also 
facilitates expansion of public water and sewer because fewer pipe-miles are required to 
provision additional paying users. Sewage managed by centralized facilities is converted to 
fertilizer.
Use of sustainably harvested biomass fuels in the state increases, primarily for heating and co-
generation facilities. Hydroelectric energy increases in the form of run-of-river and small 
generators, even as dams are removed to enhance fish habitat. Large tracts of land are set aside 
for renewable energy projects (biofuel, wind, solar, geothermal). 
Forests and farmland are managed to maximize ecosystem services and minimize environmental 
degradation. Forestry across the state shifts toward more deliberate management – similar to the 
current management policies in the White Mountain National Forest (USDA 2005) –  with 
different goals in different locations. Location-specific goals could include: maximized wood 
production, increased carbon storage, habitat connectivity, habitat diversity, erosion 
minimization, water quality, and flood mitigation. Agricultural land is managed for high 
productivity, carbon sequestration, well-being of desirable wildlife, and minimized inputs, soil 
degradation, and runoff.  Integrated Pest Management and agroecological methods are 
emphasized.
Within the Community family, population growth and intensity of redevelopment differs between
the Large Community and Small Community variants, and land cover change outside of 
developed areas differs between the Food and Wildlands variants (see below).  The population 
scenarios and land cover scenarios can be combined to give a total of four scenarios in the 
family: Large Community – Wildlands, Small Community – Wildlands, Large Community – 
Food, and Small Community – Food.
Large Community
New Hampshire's population grows rapidly, especially in the more populous towns and cities of 
the southeastern counties and along major highways. Because no existing forest or farmland is 
developed, the population densities in these communities increase dramatically, greatly 
increasing the efficiency of municipal services and freeing financial resources for strategic 
investments in education and workforce development. The technology sector expands rapidly, 
further contributing to the economic, social, and cultural vitality of town centers (Gittell and 
Orcutt 2012), and attracting young, upwardly-mobile families and aging seniors.  The overall 
scenario reflects a recent demographic trend across America away from suburban sprawl and 
towards revitalized multi-use pedestrian-friendly urban landscapes (e.g., Ehrenhalt 2012), 
combined with proactive policies to ensure a high percentage of affordable housing in cities and 
village centers (Addison et al. 2013, Johnson and Talen 2008).
Small Community
Population growth in the early 21st century is modest, followed by a gradual decline driven by 
lower fertility rates and an older population (NH OEP 2014).  Population change (both positive 
and negative) primarily occurs in the Southeastern counties (Hillsborough, Rockingham, and 
Merrimack). For most other counties, the population holds steady, but the population of Coos 
county declines throughout the century. Community-oriented values promote smart-growth 
development similar to the Large Community scenario, but because the population remains 
relatively constant the small-town character of New Hampshire municipalities is generally 
preserved. In areas where the population declines, abandoned residences and box stores are 
converted into public parks and gardens, producing extensive shared green space or sites for 
renewable energy to complement improved urban amenities provided by mixed-use zoning and 
walkable streets. Public water, sewer, and transit expand, but more modestly than in the Large 
Community scenario.
Wildlands
Nearly all undeveloped land remains as forest. There is a modest expansion of agricultural land 
area, based on a continuation of 1996-2010 trends. Most forests are managed to support 
sustainable wood harvest, while a minority of forests are protected from most forms of active 
management, providing areas where forest succession is shaped by natural processes (Foster et 
al. 2010).
Food
Expansion of agricultural land combines with shifting dietary preferences to increase regional 
food security and improve the diet of New England residents, as described by Donahue et al. 
(2014). In accordance with health recommendations, consumption of vegetables, fruit, whole 
grains, and protein-rich plants increases, while consumption of refined grains, meat, dairy, oils, 
and discretionary calories decreases. Agricultural land area in New England triples by 2060 and 
the agricultural land area of New Hampshire more than quadruples in order to meet the target of 
supporting 50% of New England calories produced within New England.
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